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(54) Avalanche photodiode

(57) A single carrier avalanche photodiode (200)
comprising a p-doped absorption layer (213), an unin-
tentionally doped avalanche multiplication layer (203)
and an n-doped collector layer (211) and a method of
manufacturing said avalanche photodiode. The absorp-
tion layer is doped at a level that allows the photodiode

to operate as a single carrier device. Therefore total delay
time of the device is mainly dependent on electrons. The
collector layer (211) is in charge of reducing capacitance
in the device. A built-in field layer (212) of n+ & doped
material may be provided between the two layers in order
to improve the injection of electrons in the collector layer.
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Description

[0001]
todiodes.

The presentinvention relates to avalanche pho-

BACKGROUND ART

[0002] Avalanche photodiodes (APD) are widely used
as components for many applications in telecommunica-
tion such as fiber optics transmission systems, free-
space optics communication, as well as for other optical
applications such as height resolution, ranging, sensing,
spectroscopy and the like, due to the fact that their inter-
nal gain improves considerably the sensitivity of photore-
ceivers for the particular application. Currently, APDs are
used for increasing the power budget for channel data
rates below 10 Gb/s. However, it is considered to be very
likely that similar paths are followed with the deployment
of high speed networks with data rates at or above 10
Gb/s, which presently operate using pin receivers. In-
deed the expected significant improvement in sensitivity,
expected to reach as far as about 10 dB, may allow for
replacing expensive gain block units such as erbium-
doped fiber amplifiers (EDFAs) by APDs; or in some
case, for example at a rate of about 40 Gb/s, to introduce
new optical processing elements such as dispersion
compensating modules in 40 Gb/s transponders.
[0003] For high bit rate applications such as 40 Gb/s,
some important issues to be taken into consideration in
order to achieve high sensitivity avalanche photodiodes
are a high level of responsivity, a wide bandwidth at low
multiplication gain and an optimum gain-bandwidth prod-
uct.

[0004] In orderto achieve such objectives, one known
solution employed in the recent years is the use of lateral-
illumination for APDs because it allows for reducing the
thickness of the absorption layer so as to reduce transit
time without compromising the responsivity. This leads
to improved bandwidth at low gains compared to con-
ventional surface-illuminated APDs. However, this type
of APDs also suffer from limitations in design in order to
achieve wide bandwidth at low multiplication gains and
high gain-bandwidth product.

[0005] One such limitation is related to device size.
While these devices allow for further reduction of device
active area in order to improve limitation in bandwidth
caused by the RC filtering effect in the device (in general,
the bandwidth depends on photogenerated carriers tran-
sit time and RC-low pass filter), such reduction of device
size however degrades device responsivity due to a cor-
responding reduction of the absorption area and volume.
[0006] Another limitation of such devices is related to
the gain-bandwidth product. In principle, it should be pos-
sible to improve the gain-bandwidth product by reducing
the thickness of the multiplication layer (including the
thickness of the transition layer). However, an excessive-
ly thin transition layer (composed of a grading layer and
a charge layer) gives rise to the production of unwanted
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multiplication in the absorption region.

[0007] On the other hand, in order to achieve high mul-
tiplication gains, a thick avalanche layer is needed so as
to support an electric field which is sufficiently high in
order to produce high ionization of photogenerated car-
riers (carriers acquiring high energy) without excessive
dark current.

SUMMARY OF THE INVENTION

[0008] Embodiments of invention feature a single car-
rier avalanche photodiode comprising a p-doped absorp-
tion layer, an unintentionally doped avalanche multipli-
cation layer and an n-doped collector layer, the collector
layer being capable of collecting electrons injected from
the avalanche layer.

[0009] According to some embodiments of the inven-
tion the avalanche photodiode comprises, a built-in filed
layer of n+ doped material provided between the ava-
lanche multiplication layer and the collection layer.
[0010] According to some embodiments of the inven-
tion, the p-doped absorption layer is doped at about
5x1017 cm-3 or comprises a gradual p-doping level which
varies between 5x1017 ¢cm-3 and 2x1018 cm-3.

[0011] According to some embodiments of the inven-
tion, the p-doped absorption layer is of InGaAs material
or GaAsSb material.

[0012] According to some embodiments of the inven-
tion, the collector layer is of GalnAsP material.

[0013] According to some embodiments of the inven-
tion, the built-in field layer is of InAlAs material.

[0014] Further embodiments of the invention feature a
method of manufacturing an avalanche photodiode com-
prising the steps of:

- generating a p-doped absorption layer,

- generating an unintentionally doped avalanche mul-
tiplication layer; and

- generating an n-doped collector layer, the collector
layer being capable of collecting electrons injected
from the avalanche layer.

[0015] According to some embodiments of the inven-
tion, the method further comprises the step of generating
a built-in filed layer of n+ doped material between the
avalanche multiplication layer and the collection layer.
[0016] According to some embodiments of the inven-
tion, the step of generating a p-doped absorption layer
comprises a doping of said absorption layer at about
5x1017 cm3 or comprises a gradual p-doping level which
varies between 5x1017 ¢cm3 and 2x1018 cm-3.

BRIEF DESCRIPTION OF THE DRAWINGS

[0017]

Figure 1 is a schematic representation of a structure
of a conventional avalanche photodiode.
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Figure 2 is a schematic representation of a structure
of an avalanche photodiode according to embodi-
ments of the invention.

DETAILED DESCRIPTION OF EMBODIMENTS

[0018] For a better understanding of the structure of
the APD proposed herein, reference is first made to some
known structures of APDs.

[0019] A first example is an APD structure comprising
an avalanche layer made of a bulk AllnAs material or an
AllnAs/AlGalnAs MQW (Multiple Quantum Well) and an
absorption layer of GalnAs material. The bulk multiplica-
tion layer is made thin enough so as to allow for a large
ionization coefficient ratio k by reduced fluctuation in mul-
tiplication events, where k= o/f, o and B being the ioni-
zation coefficients of electrons and holes respectively.
This results inreducing excess noise and enhances gain-
bandwidth product. Using a waveguide for lateral-illumi-
nation and very thin absorption (about 0.5 pum) and mul-
tiplication (about 0.1 wm) layers, an APD has demon-
strated a 3-dB bandwidth of 30 GHz at low gains and a
limited gain-bandwidth product of 140 GHz. This is not a
satisfactory result because for high speed operations at
40Gb/s, this low gain-bandwidth product limits the ava-
lanche gain to M=3-4 which is not desirable.

[0020] It is further to be noted that both figures 1 and
2 represent only schematic and simplified illustrations of
layers of avalanche photodiode structures. These figures
are therefore not in scale.

[0021] Reference is now made to figure 1 with the aim
of briefly describing the structure of a conventional APD
in which only those elements which are relevant for the
present discussion are represented.

[0022] Figure 1 schematically represents a structure
of a conventional APD 100 comprising a substrate 101
typically of InP, an N contact layer 102 typically of N-
doped material, the material being for example InAlAs,
an avalanche layer 103 typically of undoped InAlAs ma-
terial, a charge layer 104 typically of P-doped InAlAs ma-
terial, a grading layer 105 of unintentionally doped In-
GaAlAs material, an absorption layer 106 of undoped
InGaAs material, a window layer 107 of P-doped InP ma-
terial and a P contact layer 108 of InGaAs material. It is
to be noted that the above materials are only provided in
an exemplary manner and those skilled in the art realize
that other materials are also usable in the construction
of a conventional APD.

[0023] The characteristics of the above mentioned lay-
ers are generally known to a person skilled in the related
art. In brief, an absorption layer is capable of absorbing
photons from an incident light so as to generate electron/
hole pairs which travel into the avalanche multiplication
layer. In the avalanche multiplication layer the electrons
and holes are multiplied by the avalanche effect. The
grading layer provides a smooth transition of the gener-
ated carriers from the absorption layer to the avalanche
multiplication layer. The charge layer contributes in pro-
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viding a high electric field in the avalanche multiplication
layer while the electric filed in the absorption layer is
maintained a low in order to avoid tunneling effect. The
P and N contact layers provide contacting possibility with
the bias voltage which is intended to be applied on the
device structure in order to provide the required electric
field.

[0024] The layers are formed according to known
methods such as for example epitaxial growth.

[0025] Figure 2 schematically represents a structure
of an APD 200 according to some embodiments of the
present inventions. The APD 200 structure comprises a
substrate 201 of InP, an N contact layer 202 of N-doped
material for example GalnAsP (InAlAs may also be used
as an alternative material, however GalnAsP is preferred
because the collector layer uses a similar material, Galn-
AsP), an avalanche layer 203 of undoped InAlAs mate-
rial, a charge layer 204 of P-doped InAlAs material, a
grading layer 205 of unintentionally doped InGaAlAs ma-
terial, an absorption layer 213 as will be described in
further detail below, a window layer 207 of P-doped InP
material and a P contact layer 208 of p-doped InGaAs
material. It is to be noted that the above materials are
only provided in an exemplary manner and those skilled
in the art realize that other materials are also usable in
the construction of a conventional APD.

[0026] According to embodiments of the invention, the
APD further comprises at least two drift regions (instead
of one in conventional APDs). A first region, similar to
conventional APDs, is the avalanche multiplication layer
203. This level however is preferably unintentionally
doped AllnAs that provides internal gain in the photodi-
ode by impact ionization process. A second region is a
collector layer 211 which is in charge of reducing capac-
itance in the device. The collector layer 211 is preferably
of n- doped (Ga)In(As)P material which collects injected
electrons from the avalanche layer. The doping level of
the n-doped collector layer is preferably in the order of
about 1x101%cm3 and having a preferred thickness of
about 0.2pm.

[0027] Preferably, a built-in field layer 212 of n+ doped
material is provided between avalanche multiplication
layer 203 and the collector layer 211 in order to improve
the injection of electrons in the collector layer 211. The
built-in field layer 212 is preferably made very thin, name-
ly of a thickness in the order of about 0.03wm to about
0.07 pm, and preferably about 0.05u.m. The n+ doped
material of the built-in field is preferably AllnAs being
highly doped, namely in order of about 7x10'8cm-=3 or
higher.

[0028] In addition according to embodiments of the
present invention, the light absorption layer 213 of the
APD 200 is slightly p-doped (as opposed to the undoped
absorption layer comprised in a conventional APD 100).
The p-doped light absorption layer 213 is for example of
GalnAs material, being doped at a level of about 5x1017
cm-3 or comprises a gradual p-doping level which varies
between 5x1017 cm3 and 2x1018 cm-3.
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[0029] Alternatively, the p-doped absorption layer may
be of GaAsSb material typically used for detection of a
1.55pm wavelength, the level of doping being approxi-
mately similar to the GalnAs material.

[0030] The fact that the absorption layer 213 is doped
at such levels allows the photodiode to operate as a sin-
gle carrier device. This is because when the APD is bi-
ased the photogenerated majority holes inside the ab-
sorption layer 213 diffuse to the p-contact layer 208 and
thus have a relatively fast response within the dielectric
relaxation time. The P contact layer 208 acts as a diffu-
sion block layer because of the existence of a wide band-
gap and the voltage applied, thereby forcing the diffusion
of electrons toward the avalanche layer 203 where they
experience the avalanche multiplication under the elec-
tric field applied to the device. As a consequence, the
device operates substantially as a single carrier device
that uses substantially only electrons as active carriers.
Therefore total delay time of the device is related to (or
dependent on) only electrons because secondary holes
generated by impact ionization process are collected in
the adjacent absorption layer (which is slightly p-doped).
[0031] With the use of a single carrier avalanche pho-
todiode substantially only photo-excited electrons are
used as active carriers in the pin-structure.

[0032] As mentioned above, the p-contact layer 208
acts as a diffusion block layer that causes a unidirectional
motion in the electrons so as to move them toward the
avalanche multiplication layer 203, thus contributing to a
pure electron injection avalanche structure thereby im-
proving noise and gain-bandwidth product. This is due
to reduced delay time and single carrier type injection
which is, as is known, contributes to improve both noise
figure and gain-bandwidth product.

[0033] Secondary holes which may be generated by
the avalanche multiplication process would present a re-
duced transit time compared to secondary holes pro-
duced in conventional APD structures, because in the
new APD structure according to the invention these holes
are not caused to driftinside the p-doped absorption layer
213 as they are majority carriers in the latter layer.
[0034] On the other hand, the presence of a collector
layer 211 between the avalanche layer 203 and the n-
doped contact layer 202 in the single carrier APD pro-
posed herein, contributes to an efficient transfer of elec-
trons to the n-doped contact layer 202 and reduces the
capacitance in the device thus improving (reducing) the
RC effect bandwidth limitation and consequently improv-
ing the photodiode gain-bandwidth product.

[0035] Based on the structure proposed by embodi-
ments of the invention, the absorption layer may be
formed at a thickness which is comparatively lower (for
example about 0.18 wm) as compared to a thickness
typically formed for an absorption layer in conventional
APDs (for example 0.3 pm). This reduction contributes
to reducing the transit time and to improve bandwidth.
[0036] The new solution provides improved bandwidth
at low multiplication gains and higher gain-bandwidth
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product owing to the single carrier operation of the device
structure: the electron velocity at overshoot is larger than
the holes saturation velocity (about one order of magni-
tude). Herein, overshoot is understood to correspond to
a transitory regime where carriers achieve a velocity that
is higher than the equilibrium velocity or saturation ve-
locity.

[0037] Using the conventional APD structure repre-
sented in figure 1, and for a given device area, in order
to achieve wide bandwidth at low multiplication gains and
high gain-bandwidth product, it is necessary to reduce
carriers transit time using thin absorption layer 106 and
thin avalanche multiplication active layer 103. However,
if the thickness of the avalanche multiplication layer 103
is reduced to values below 0.1 pm, the maximum avail-
able gain will become degraded due to a combination of
a reduced breakdown voltage (because a large electric
field may not be reached as needed for impact ionization
process) and high dark current due to carriers tunneling
effect under high applied bias voltage (for the sake of
clarity it is to be noted that the electric field in the absorp-
tion layer is kept low while it is large enough in the ava-
lanche layer to generate carriers by impact ionization
mechanism). Also, an AllnAs avalanche layer is usually
chosen thin enough to improve the noise figure of the
device, however this is achieved at the expense of gen-
erating a high capacitance in the device.

[0038] As regards transit time and multiplication gain
characteristics with respect to a specific absorption layer
thickness, for example 200 nm, experiments have shown
that for a conventional APD 100 as described in relation
to figure 1, the transit time may vary from values of about
9 ps for a multiplication gain of 1, to about 16.6 ps for a
multiplication gain of 10.

[0039] In contrast, using a single carrier APD 200 as
proposed herein (and described with reference to figure
2), it is observed by experimentation that for an absorp-
tion layerthickness of 200 nm, the transittime is improved
by a factor of about 2 in comparison to a conventional
APD 100 as described above. Exemplary values of such
transit time are from values of about 2.8 ps for a multi-
plication gain of 1, to about 10 ps for a multiplication gain
of 10. In addition, the insertion of a collector layer con-
tributes to reducing device capacitance and thus to re-
ducing the associated low-pass filter limitation therefore
contributing to improve the overall device bandwidth at
low gains and gain-bandwidth product.

[0040] The APD obtained according to embodiments
of the invention may be laterally illuminated or surface
illuminated.

[0041] It is to be noted that the order of the steps of
the method of the invention as described and recited in
the corresponding claims is not limited to the order as
presented and described and may vary without departing
from the scope of the invention.
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Claims

1. Anavalanche photodiode comprising a p-doped ab-
sorption layer, an unintentionally doped avalanche
multiplication layer and an n-doped collector layer, 5
the collector layer being capable of collecting elec-
trons injected from the avalanche layer.

2. The avalanche photodiode of claim 1, further com-
prising a built-in filed layer of n+ doped material pro- 70
vided between the avalanche multiplication layer
and the collection layer.

3. The avalanche photodiode of claim 1 or claim 2
wherein the p-doped absorption layer is doped at 75
about 5x1017 cm-3 or comprises a gradual p-doping
level which varies between 5x1017 cm-3 and 2x1018
cm3.

4. The avalanche photodiode according to any one of 20
claims 1 to 3 wherein the p-doped absorption layer
is of InGaAs material or GaAsSb material.

5. The avalanche photodiode according to any one of
claims 1to4 whereinthe collector layeris of GalnAsP 25
material.

6. The avalanche photodiode according to any one of
claims 2 to 5 wherein the built-in field layer is of In-
AlAs material. 30

7. A method of manufacturing an avalanche photodi-
ode comprising the steps of:

- generating a p-doped absorption layer, 35
- generating an unintentionally doped avalanche
multiplication layer; and

- generating an n-doped collector layer, the col-
lector layer being capable of collecting electrons
injected from the avalanche layer. 40

8. The method of claim 7 further comprising the step
of generating a built-in filed layer of n+ doped mate-
rial between the avalanche multiplication layer and
the collection layer. 45

9. The method of claim 7 or claim 8 further comprising
the step of generating a p-doped absorption layer
comprises a doping of said absorption layer at about
5x1017 cm™3 or comprises a gradual p-doping level 50
which varies between 5x1017 cm-3 and 2x1018 cm-3.
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